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processing ingesta via rumination, a strategy not used by kangaroos. Kangaroos were more 26 selective in their diet, having a narrower niche compared with sheep. The tubiform 27
forestomach of kangaroos appears to support long foraging bouts, mainly in the evening and 28 early morning; kangaroos rested during the hottest parts of the day. Conversely, sheep feed in 29 short bursts, whereas gut-filling during feeding bouts is partly dependent on the animal 30 freeing forestomach space by ruminating previous meals, possibly increasing sheep water 31 requirements through activity and thermal loads associated with more frequent feeding. Water 32 use (L d -1 ) by kangaroos was just 13% that of sheep, and kangaroos were able to concentrate 33 their urine more effectively than sheep, even though the kangaroos' diet contained a high 34 primarily 'foregut fermenters', in both groups an expanded caecum in the hindgut also 51 provides supplementary fermentation (Stevens and Hume 1995) . 52
Foregut fermentation as a method of food processing may afford higher levels of 53 digestive efficiency compared with hindgut-fermentation in herbivores like horses (Stevens 54 and Hume 1995). Indeed, the evolutionary success of the ruminants relative to the hindgut 55 fermenters that occurred during the Miocene has been attributed to the ruminants' superior 56 digestive efficiencies in the face of expanding grasslands, because grasses have more hard-to-57 digest fibre compared with browse and shrubs (Janis 1976; Illuis and Gordon 1992). A similar 58 pattern of foregut herbivore radiation occurred in Australia during the mid-Miocene and 59
Pliocene, where a major radiation of the Macropodidae is coincident with a reduced diversity 60 of equivalent-sized herbivorous, quadrupedal marsupials that were probably hindgut 61
fermenters (Clemens et al 1989; Hume 1999; Dawson 2006). 62
While foregut fermentation seems to have general advantages as a digestive strategy 63 for larger mammalian herbivores, the foregut morphology and physiology differ between the 64 kangaroos and ruminants such as sheep (Hume 1999) . In form and function the tubiform 65
forestomach of kangaroos appears more like an equine colon than the vat-like structure of 66 could these have on their urine electrolyte levels, urine concentrations, feeding behaviours 92 and associated energy and water needs? Together, answers to these questions provide a 93 clearer picture of how kangaroos and sheep, with their different foregut fermentation systems, 94 interact in Australia's arid and semi-arid rangelands. Moreover, our study presents a timely 95 example of how physiology can be applied to evaluate and inform large-scale management of 96 grazing systems, particularly for mitigating environmental damage associated with 97
overgrazing. 98 99

Materials and Methods 100
Study site and climatic conditions 101
The study was conducted at Fowlers Gap (31°05' S, 141°43' E), the Arid Zone 
Experimental design and animal enclosure 117
The aim of this study was to compare the feeding behaviour and resource-use patterns of the 118 dominant native Australian arid-zone herbivore, the red kangaroo, with that of a major 119 domestic herbivore, the merino sheep, grazed together in a typical rangeland environment. 120
The experiment was carried out in a large (16 ha), herbivore-proof enclosure, situated on an 121 alluvial rise and naturally vegetated with chenopod shrubs (mainly saltbushes) and sparse 122 grasses; scattered small trees (Casuarina sp.) provided shade for the experimental animals. 123
The enclosure had not been grazed by kangaroos for over five years and had been free from 124 sheep or other herbivores (e.g. rabbit, goat, cattle) for > 20 years. At the beginning of the 125 experiment (i.e. after 3-weeks acclimation of animals) vegetation was examined by point 126 sampling along 20 randomly chosen transects (100 m). Point samples were taken every metre 127 along transects using a 5 mm diameter metal spike; a total of 2000 points was sampled. Each 128 point was categorised as bare (including litter) or belonging to the following plant groups: 129 grass, flat chenopod (saltbushes), round chenopod (bluebushes and copper burrs), forb 130 (herbaceous dicots -often annuals), malvaceaous sub-shrub and trees (Dawson and Ellis  131 1994, 1996). Grass was considered dry, most plants having less than 15% green material (and 132 most were completely dry). The height of plants in transects was recorded and relative cover 133 subsequently estimated after correction for the size of the spike (5 mm diameter in our case; 134
Dawson and Ellis 1994). The biomass of each plant category was calculated using percent 135 cover and plant height (Edwards et al. 1995); total biomass was estimated to be 44 ± 30 g dry 136 matter m -2 . Average ( SEM) standing plant biomass was estimated from 60 randomised 137 clipped plots of 0.25 m 2 to be 44 ± 8 g dry matter m -2 ; this level of biomass was markedly 138 higher than levels outside the enclosure (Pers. Obs.). Water was provided ad libitum via a 139 refilling trough that was used by all experimental animals. A centrally placed seven-meter 140 tower provided a platform from which behavioural observations were made.
142
Study animals 143
Wild red kangaroos (n = 7) were captured using a CO 2 -powered tranquilliser rifle (darts were 144 loaded with Zoletil 100, 10 mg kg -1 ), fitted with identifying ear tags and polyvinyl collars (2.5 145 cm wide, marked with patterns of coloured reflective tape), transferred to the experimental 146 enclosure, and allowed to acclimate for at least three weeks. Sheep (merino breed) (n = 7) 147 were introduced to the enclosure two weeks prior to data collection. All animals were mature, 148 non-reproductive (non-lactating or pregnant) females. At the beginning of the experiment 149 kangaroos and sheep had an average body mass of 23.4 ± 0.8 kg and 47.8 ± 2.8 kg, 150 respectively; sheep had five months wool and so their measured body masses were corrected 151 by subtracting 3.6 kg (Edwards et al. 1996) . In a concurrent study we measured the energy 152 and water turnover of these animals over 5-9 days following the acclimation period (Munn et were first mustered to a holding pen and killed by rifle shot to the back of the head destroying 158 the brain (SCARM 1991). Blood and urine samples were immediately taken for electrolyte 159 analysis; blood was also used for field metabolic rate and water turnover measurements 160 (Munn et al. 2009 ). Forestomach and faecal (distal colon) samples were taken for diet analysis 161 and estimation of dry matter digestibility and dry matter intake. 162
163
Behaviour 164
Three days were dedicated to 24 h behavioural observations. We used a point-sampling8 10 min during the day, but every 20 min at night when observations were more difficult. 167
Night observations were made using a weak spotlight and Nikon 10x70 marine binoculars. 168
The behaviour of each species was categorised into three broad types: 169
Foraging: when the animal was consuming or searching for food, which included 170 eating (cropping and chewing), slow searching (i.e. the movement while feeding within a 171 patch, requiring one or two steps), and fast searching (usually walking fast between food 172 patches), interspersed with periods of cropping and chewing. 173
Resting/ruminating: all non-active behaviour when the animal appeared relaxed, 174 which included lying, crouching, and standing. In kangaroos, periods of lying or crouching 175
were considered 'resting', but for sheep sitting or lying can include bouts of rumination. We 176 were unable to measure rumination directly and periods of inactivity by sheep sitting or lying 177 must be considered as either resting or ruminating; most importantly, they do not include 178 periods of active locomotion (including standing) or foraging. 179
Other: Miscellaneous behaviours, which were uncommon, such as grooming, 180 drinking, and locomotion associated with drinking at the water trough (i.e. moving to and 181 from water). This included all other active non-foraging behaviours (e.g. locomotion or 182 standing alert, sometimes in response to a disturbance). 183
184
Osmolalitiy of blood and urine and urine electrolytes 185
Urine samples were taken from the bladders of kangaroos (n =5) and sheep (n = 6) following 186 post-mortem evisceration; samples were unavailable from two kangaroos and one sheep (i.e. 187 bladders were empty). These were immediately stored on ice in an insulated box and were 188 frozen within one hour of collection. Urine sub-samples were later thawed and analysed for 189 osmolality, along with plasma samples from blood collected via heart puncture on deceasedanimals. Osmolality of urine and plasma was determined using a freezing-point depression 191 osmometer (Gonotec Osmomat 030; Gallay Scientific, Melbourne). 192
Concentrations of electrolytes in urine, including sodium (Na 
Diet digestibility 228
Apparent digestibilities of dry matter (DM) from kangaroo and sheep forestomachs were 229 estimated using manganese (Mn) as a naturally occurring, indigestible marker (Nagy 1977) . 230 Digestibility was estimated using Mn concentrations from forestomach samples taken 231 adjacent to the oesophageal opening and compared with that in faeces collected as formed 232 pellets from the distal colon. Digestibility was estimated according to: 233 energy content of whole diets ingested by kangaroos and sheep was 9.4 ± 0.7 and 10.6 ± 0.4 257 kJ g -1 DM, respectively. These levels of digestible energy content were similar to those 258 measured using in-vitro acid-pepsin digestions of forbs, grasses, and shrubs at our Fowlers 259
Gap study site (range of means was 9-14 kJ g -1 DM for all plant types from winter and 260 summer for sheep and kangaroos; McLeod, 1996) . 261
Statistical analysis 263
Unless otherwise stated we used one-way ANOVAs or repeated measures ANOVAs for 264 between-and within-species comparisons. Assumptions for ANOVA were tested using the 265 Kolmogorov-Smirnov test for normality (α = 0.05) and Levene's test for homogeneity of 266 variances (α = 0.05). Heteroscedastic data were log 10 transformed (blood osmolarity, urine 267 osmolality, urine concentrations for Mg ++ and Cl -). When ANOVAs yielded significant 268 differences, post-hoc comparisons using Tukey's Honest Significant Differences (HSD) were 269 applied. The proportions of time that kangaroos and sheep spent engaged in different 270 behaviours over 24 h were compared using nested ANOVAs, with species nested in time. which was significantly different from zero, Z = -3.75, P < 0.001). However, this level of 287 mass loss was not considered biologically significant because sheep can drink 8-10% of their 288 body mass in a single bout (Squires 1981) , and this level of body mass change was consistent 289 with that generally observed for sheep over comparable periods (Midwood et al. 1994) . 290
Moreover, initial body masses for sheep were measured in the afternoon, after animals had 291 visited water, but final measurements were made in the morning, before sheep were able to 292 drink (pers. obs.). The diel time-use patterns of kangaroos and sheep differed (Fig. 1A) . Red kangaroos 303 spent the greater portion of each evening and early morning harvesting food, with lulls in 304 feeding between mid-night and 0400 h (Fig. 1A) , with a distinct rest period between 0800 305 and1500 h (F 2,46 = 5.99, P < 0.001, nested ANOVA, Tukey's HSD P < 0.05; Fig. 1A) . 306 Conversely, sheep had regular feeding bouts throughout the day, punctuated by periods of 307 rest/rumination at around 0600 h, 1000 h, and 1900-2000 h (Tukey's HSD P < 0.05; Fig. 1B) . 308
Sheep showed a distinct rest period in the early morning between 0100 and 0300 h (Tukey's 309
Diets 312
Flat-leafed chenopds comprised the most abundant food source available for kangaroos and 313 sheep and were nearly 75% of the aboveground plant biomass within the enclosure (Table 1) . 314
Round-leafed chenopods were the next most abundant food source, followed by grasses and 315 then forbes and trees (Table 1) . Available biomass of these plant groups was not directly 316 reflected in forestomach contents of sheep or kangaroos (Table 2) , and differences were 317 apparent in sheep and kangaroos selection of plant types. Kangaroo forestomach contents 318
were dominated by round-leafed chenopods (ca. 64%) followed by equal proportions of 319 grasses and flat-leafed chenopods (ca. 15-16% for each; Table 2 ). Conversely, sheep 320 forestomach contents were characterised by relatively high and equal proportions of both flat-321 and round-leafed chenopods (ca. 44-46% for each; Table 2 ). 322
Overall, kangaroos had a narrower dietary niche breadth than sheep; PSI (%) for 323 forestomach content relative to availability for kangaroos was 41.4  3.8%, and was 66.5  324 3.1 for sheep (F 2,13 = 24.2, P< 0.001). There was considerable overlap between kangaroo and 325 sheep diets (PSI of 66 ± 2 %), but Mantel's test (Mantel 1967) indicated they were 326 significantly different (r = -0.624, P = 0.0001). Dietary niche breadths indicated that neither 327 kangaroos nor sheep foraged for items in direct proportion to availability in the environment, 328 and differences in diet selection by each herbivore were apparent (i.e. electivity indices, E*; 329 Table 3 ). Specifically, the main preferred diet item for kangaroos and sheep was round-leafed 330 chenopods (Table 3) . Grass was distinctly not preferred by sheep, but was apparently grazed 331 neutrally by the kangaroos. Although not statistically significant, sheep tended to have a 332 greater preference for trees/shrubs than did the kangaroos (P=0.09; Table 3) . 333
Kangaroos produced urine that was 1.8 times more concentrated than that of sheep (Table 4) . 336
On average, osmolality of kangaroo urine was 4.6 times that of blood, as compared with 337
sheep that had an average urine osmolality only 2.9 times that of blood ( kangaroos might differ under free-ranging conditions is uncertain. We found here that the 359 digestive efficiencies of red kangaroos (52.1 ± 3.9%; Table 9 ) and sheep (59.1 ± 2.4%; Table8 ) selecting from arid, rangeland forage in our study were not significantly different (P = 361 0.13; Table 8 ), but trended in the direction reported previously from feeding trials using lower 362 fibre forages (Hume 1999). Digestibility declines by 10 -15% when these species are fed 363 higher fibre diets (Hume 1974; Hume 1999; Munn and Dawson 2006), implying that despite 364 the dry environmental conditions, our kangaroos and sheep were selecting diets to maintain 365 appropriate intakes of better quality forage (Table 2) , despite differences in their diet choices. 366
Red kangaroos were more selective, and their dietary niche breadths were narrower than those 367 of the sheep, i.e. 41.4% versus 66.5%, respectively (see also Dawson and Ellis 1994). 368
The amount of raw feed that herbivores need to meet daily energy demands is largely 369 driven by food water-content, which can vary <10% to >90%, and by digestibility that also 370 vary widely. The pasture conditions in this study allowed us to calculate representative daily 371 dry-matter-intake (DMI) requirements by using field metabolic rates (measured 372 simultaneously; Munn et al. 2009 ). These daily DMI requirements were 994 g and 2661 g DM 373 d
-1 , respectively for kangaroos and sheep (Table 5 ). These intakes reflect the high body-mass 374 difference between average size individuals of the two species (Table 5) , as well as 375 fundamental metabolic differences and possible differences in feeding costs. Of note, large 376 male red kangaroos exceed sheep in body mass and can be over 90 kg body mass, and have 377 higher absolute food requirements than mature female kangaroos, but large males are 378 uncommon in kangaroo populations (Dawson 1995) . relative to sheep and in terms of dry feed also would be 0.35. However, differences in 394 digestive efficiency could markedly change the relative DSE of a kangaroo. If we were to 395 accept that the small difference in digestive efficiencies that we measured between kangaroos 396 and sheep was biologically relevant (i.e. 52% for kangaroos, 59% for sheep; Table 5) then we  397 would predict a kangaroo DSE of 0.42 (Table 5) . Such a calculation draws attention to the 398 fact that in different regions and seasons, differences in available diets and diet qualities will 399 undoubtedly affect herbivore digestive efficiencies, and thus affect any predicted food intake 400 requirements and subsequent grazing pressures. 401
That the sheep satisfied their higher gross feed requirements by foraging for the same 402 time each day as the kangaroos is initially surprising, because the red kangaroos ingested only 403 one third as much food (dry matter). Foraging-time patterns were, however, markedly 404 different between species (Fig. 1) , with the sheep using more but shorter foraging bouts. ). However, our study was conducted during an extended dry 459 period when grass (particularly green grass) was scarce (Table 1) . Our kangaroos fed mainlyon round-leafed (bluebush) and, to a lesser extent, flat-leafed (saltbush) chenopods (Table 2) Note: † Grasses were considered dry, all were < 15% green and most were completely dry (pers. Obs); *Not detected during survey, though they were observed within the enclosure. Table 2 : Mean (± SEM) forestomach contents of red kangaroos (n = 7) and sheep (n = 7) as a proportion (%) of all identified particles. Note: Species effects were tested using ANOVA; # sample sizes for whole blood were n = 6 for red kangaroos and n = 7 for sheep. 
